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The title radical (1) is generated in the gas-phase by collisional neutralization of carbonyl-
protonated oxolan-3-one. A 1.5% fraction of 1 does not dissociate and is detected following
reionization as survivor ions. The major dissociation of 1 (56%) occurs as loss of the hydroxyl
H atom forming oxolan-3-one (2). The competing ring cleavages by O™C-2 and C-4™C-5 bond
dissociations combined account for 42% of dissociation and result in the formation of
formaldehyde and 2-hydroxyallyl radical. Additional ring-cleavage dissociations of 1 resulting
in the formation of C2H3O and C2H4O cannot be explained as occurring competitively on the
doublet ground (X) electronic state of 1, but are energetically accessible from the A and higher
electronic states accessed by vertical electron transfer. Exothermic protonation of 2 also
produces 3-oxo-(1H)-oxolanium cation (3) which upon collisional neutralization gives
hypervalent 3-oxo-(1H)-oxolanium radical (3). The latter dissociates spontaneously by ring
opening and expulsion of hydroxy radical. Experiment and calculations suggest that carbo-
hydrate radicals incorporating the 3-hydroxyoxolan-3-yl motif will prefer ring-cleavage
dissociations at low internal energies or upon photoexcitation by absorbing light at 590 and
400 nm. (J Am Soc Mass Spectrom 2004, 15, 1068–1079) © 2004 American Society for Mass
SpectrometryOver the years the study of nucleobase and2-deoxyribose radical intermediates has gainedimportance owing to their vital role in chemical
modifications that occur in the complex process of DNA
damage [1]. It is well known that the heterocyclic bases
of nucleic acids are important sites of free radical
attacks that lead to DNA damage [2]. However, since
nucleobases are stacked on the inside of the DNA
double strand, a higher proportion of reactive radicals,
primarily the hydroxyl radical [3], can be expected to
attack the more exposed 2-deoxyribose moieties. It is
estimated that about 40% radical attacks cause strand
breaks that are presumed to result from reactions in-
volving sugar intermediates formed by hydrogen ab-
straction from C-1 through C-5 positions in 2-deoxyri-
bose [4]. The radical attacks at the various sites in
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doi:10.1016/j.jasms.2004.04.0042-deoxyribose are thought to occur at random [5, 6] and
they result in a variety of stable degradation products
[7]. However, little is known about the structure, ener-
getics, and reactivity of reactive intermediates occurring
in the early stages of radiation damage.
Investigations in solution found that the anomeric
hydrogen at C-1 of 2-deoxyribose is abstracted by a
variety of nucleic acid damaging agents [8–12]. In
contrast, strand breaks involving ring fission or cleav-
age of the 3,5-phosphate ester linkage can be initiated
by hydrogen atom abstraction from C-3 in 2-deoxyri-
bose (Scheme 1). Radicals derived from model oxygen
heterocycles have also been studied in solution and the
relative rates of H atom abstractions have been mea-
sured [13–15].
In contrast to studies in solution which are affected
by environmental factors (solvent, radical quenchers,
etc.), the rarefied gas phase offers an inherently inert
medium in which highly reactive species can be studied
in an isolated state. We have previously reported ex-
perimental studies that used neutralization-reionization
(NR) mass spectrometry [16] to generate heterocyclicr Inc. Received December 23, 2003
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and elucidate their unimolecular dissociations, as re-
viewed [24]. In the preceding paper in this issue [25], we
report on the generation of 2-hydroxyoxolan-2-yl radi-
cal which is a simplified model for deoxyribose radicals
following hydrogen abstraction at C-1. The present
paper uses NR mass spectrometry to generate and
investigate the isomeric 3-hydroxyoxolan-3-yl radical
(1) that mimics deoxyribose radicals formed by hydro-
gen abstraction at the 3-position, which is critical for
strand breaks.
Our experimental approach consists of specific prep-
aration of a stable gas-phase cation (1) that has the
same bond connectivity as the target radical 1. Cation
1 is selected by mass and accelerated to 134,600 ms1
velocity corresponding to an 8150 eV kinetic energy.
The cation is discharged by a glancing collision with
CH3SSCH3 as an electron donor. Because of the short
duration of the collision, which is estimated at 7.5 fs
from the collision kinematics, the electron transfer is
considered to be a vertical process, so that the nascent
radical is formed with the geometry of the precursor
cation [26]. Unimolecular dissociations of transient rad-
icals are observed on the time scale of 4.4 s, and the
products are analyzed by mass spectrometry following
non-selective ionization by collisions with O2. In addi-
tion to product analysis from NR mass spectra, the
electronic properties and relative energies of 1 as well as
dissociation and transition state energies are obtained
by ab initio and density functional theory calculations
that are carried out at high levels of theory.
Experimental
Materials
Chemicals (oxolan-3-o1) and reagents were purchased
from Sigma-Aldrich (Milwaukee, WI) and used as re-
ceived. Pure gases (CH4, CD4) were purchased from
Matheson (Montgomeryville, PA). Oxolan-3-one (2)
Scheme 1was prepared by oxidation of oxolan-3-ol with pyri-
dinium chlorochromate in dichloromethane, purified
by vacuum distillation at 60 torr [27] and analyzed by
GCMS. Yield: 45%; 70-eV mass spectrum (m/z, rel.
intensity): 87 (4.7), 86 (100), 70 (2.4), 58 (52), 57 (14), 56
(5.0), 44(13), 43 (4.4), 42 (6.0), 31 (8.4), 30 (6.9), 29 (20), 28
(83), 27 (14), 26 (9.0).
Measurements
Neutralization-reionization mass spectra were mea-
sured on a tandem quadrupole acceleration-decelera-
tion mass spectrometer equipped with electron impact
(EI) and chemical ionization (CI) ion sources [28].
Liquid samples were degassed by several freeze-pump-
thaw cycles and introduced into the ion source from a
glass liquid introduction system at room temperature
and 2–3  106 torr partial pressure. The ion source
conditions were as follows. EI: emission current 500 A,
temperature 150–200 °C. CI: emission current 1 mA,
temperature 230–250 °C, CI gas pressure 2–3  104
torr (as measured on an ionization gauge located at the
source diffusion pump intake). The ions were extracted
from the ion source, passed through the MS-1 r.f.-only
quadrupole filter that was tuned to maximize transmis-
sion of the ion of interest, and accelerated to 8250 eV.
The ions were focused on the neutralization collision
cell maintained at 8170 V (negative for cations, positive
for anions), where dimethyl disulfide vapor was admit-
ted to achieve 70% transmission of the ion beam.
Residual ions were reflected by an electrostatic lens
maintained at 250 V, and the neutral beam was
allowed to drift to the reionization cell. Cations were
produced by collisions with oxygen at pressures allow-
ing 70% beam transmittance, decelerated to 75-80 eV,
energy filtered, and mass analyzed by scanning the
MS-2 quadrupole mass filter that was operated to
achieve unit mass resolution. The instrument was tuned
daily to match the reference NR mass spectrum of CS2.
Variable-time NR mass spectra were measured as de-
scribed previously [29, 30]. High resolution mass spec-
tra at a resolving power greater than 10,000, and colli-
sionally activated dissociation (CAD) mass spectra were
measured on a JEOL HX-110 mass spectrometer at 10
keV ion kinetic energy. Air was used as the collision gas
that was admitted in the first field-free region at pres-
sures allowing 70% transmittance of the ion beam. CAD
spectra were obtained by scanning the electrostatic and
magnet sector while maintaining a constant B/E ratio.
The mass resolution in the B/E scans was typically
500. GCMS spectra were measured on an HP-5971A
instrument.
Calculations
Standard ab initio and density functional theory (DFT)
calculations were performed using the Gaussian 98
suite of programs [31]. Optimized geometries were
obtained by DFT calculations using Becke’s hybrid
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set. The optimized Structures of 1 and 1 are shown in
Figure 1. Complete optimized geometries (Cartesian
coordinate format) and harmonic frequencies are avail-
able from the corresponding author upon request. Spin
unrestricted calculations were performed for all open-
shell systems. Spin contamination was small in UB3LYP
calculations where the spin operator expectation values
S2 were 0.75–0.76. Spin contamination in the UMP2
calculations was corrected by applying a spin projection
operator (spin annihilation [34, 35]). Stationary points
were characterized by harmonic frequency calculations
with B3LYP/6-31  G(d,p) as local minima (all real
frequencies) and first-order saddle points (one imagi-
nary frequency). The calculated frequencies were scaled
with 0.963 [36] and used to obtain zero-point energy
corrections, enthalpies, and RRKM rate constants. Im-
proved energies were obtained by single-point calcula-
tions at two levels of theory. Composite G2(MP2) [37]
energies were obtained from quadratic configuration
interaction calculations with single, double and pertur-
bational triple excitations, QCISD(T) [38] with the
Figure 1. B3LYP/6-31  G(d,p) optimized Structures of 1 and
1. Bond lengths are in angstroms.6-311G(d,p) basis set, and basis set expansions from
6-311G(d,p) through 6-311  G(3df,2p) via perturba-
tional Moller-Plesset calculations [39], MP2(frozen
core). Energies from these high-level calculations are
compared to composite B3-MP2 energies that were
performed with the 6-311  G(3df,2p) basis set, as
described previously [40–43]. Excited state energies
were calculated using time-dependent density func-
tional theory (TD-DFT) [44] with the B3LYP functional
[32, 33] and 6-31  G(d,p), 6-311  G(2df,p) and 6-311
 G(3df,2p) basis sets. TD-DFT calculations with these
basis sets gave excitation energies that were within 0.05
eV for the corresponding electronic states.
RRKM calculations were performed using Hase’s
program [45] that was recompiled and run under
Windows NT [46]. Direct count of quantum states
was used in 2 kJ mol1 steps from the transition state
energy up to 420 kJ mol1 above it. Rotational states
were treated adiabatically. The calculated micro-
scopic rate constants, k(E,J,K), were Boltzmann aver-
aged over the rotational states at 473 K, correspond-
ing to the ion source temperature that defines the
precursor ion rotational temperature, to give micro-
canonical rate constants k(E).
Results and Discussion
Precursor Ion Formation
A possible route to cation 1 is by gas-phase protonation
of oxolan-3-one (2, Scheme 2) that can be expected to occur
either at the carbonyl or ring ether oxygen depending on
their topical proton affinities (PA). The topical PA of the
carbonyl oxygen at 298 K was calculated as PA 	 783 kJ
mol1, which is greater than that of the ring oxygen
which has PA 	 767 kJ mol1. An ion-molecule
reaction with CH3C¢NH
, generated by CI of aceto-
nitrile (PA(acetonitrile) 	 779 kJ mol1)[47], was
Scheme 2
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carbonyl oxygen forming cation 1. However, we
also observed protonation of 2 by acetone-CI, despite
the fact that the difference between the PA of acetone
(812 kJ mol1) [47] and that of the more basic keto
group in 2 makes the ion-molecule reaction endother-
mic. The proton-transfer reaction can possibly be
driven thermally at the elevated temperatures (220 –
250 °C) in the CI ion source and should be selective in
producing ion 1. Gas-phase deuteronation with
(CD3)2COD
 was used to prepare ion 1a. Increas-
ingly exothermic protonations with CH3OH2
 and
CH5
 can possibly co-form the less stable, ring-proto-
nated, isomer 3, as will be discussed later.
Precursor Ion Dissociations
The ions prepared by protonation of 2 were character-
ized by accurate mass measurements (measured
87.0441, C H O requires 87.0446) and CAD spectra.
Table 1. Collisionally activated dissociation mass spectra of ion
m/z
1/3
Acetone-CI CH3CN-CI CH3OH-C
88 — — —
87 — — —
86 2.5 2.6 2.4
85 0.5 0.5 0.9
83 — — —
71 0.7 0.2 0.9
70 0.5 0.1 0.9
69 17.3b 9.8b 7.0b
68 0.5 0.1 1.0
61 — — —
60 2.0 1.7 1.4
59 8.2 6.3 7.8
58 3.3 3.7 4.5
57 20.7 15.1 14.2
56 0.8 1.3 1.0
55 2.0 3.0 2.1
54 0.3 — 1.2
53 0.5 — 1.4
47 — — —
46 — — —
45 3.3 2.6 2.3
44 1.6 2.2 2.7
43 5.2 5.4 5.8
42 1.9 3.1 3.1
41 6.1 5.4 5.6
40 1.0 1.6 1.6
39 3.5 4.8 4.0
38 1.1 1.8 1.3
37 0.7 1.5 1.5
32 — — —
31 4.4 6.2 7.6
30 1.1 1.8 1.7
29 4.6 8.2 6.3
28 1.9 4.0 2.8
27 2.3 4.4 4.1
26 1.1 2.3 1.9
a% Relative to sum of CAD fragment intensities.
bMajor fragments also in metastable-ion spectra.4 7 2The latter were found to depend only weakly on the
gas-phase acid used to protonate 2. The CAD spectra
show dissociations by loss of H (m/z 86), water (m/z 69),
C2H4 (m/z 59), CH2O (m/z 57) and ketene (m/z 45) (Table
1). OD-labeling in 1a revealed clean eliminations of
light C2H4 and CH2O, whereas the loss of water in-
volved H2O and HDO in a 1.1:1 ratio. These dissocia-
tions are compatible with both Structures 1 and 3 and
do not allow us to distinguish whether a single ion
structure or a mixture of tautomers was produced upon
protonation of 2. However, isomer distinction is achieved
by NR mass spectra, as discussed later. The ions
which are likely to contain both 1 and 3 are denoted
as 1/3 and likewise for the corresponding radicals.
We also made an attempt to prepare ion 1 by another
pathway, which was thought to occur by dissociative
ionization of 3-n-propyloxolan-3-ol (4, path a, Scheme 3).
Although a C4H7O2
 ion of the correct elemental compo-
sition is formed with a reasonable relative intensity (20%)
upon loss of C H from 4, its CAD and NR mass
3, 1a/3a, and 5. Relative intensitya
1a/3a
5CH4-CI CD3CN-CI CD4-CI
— — — —
— 3.3 0.2 —
4.0 0.6 0.1 0.6
0.7 — — 2.0
— — — 3.6
0.7 0.4 0.5 3.4
0.5 5.0 13.3 —
16.5b 5.5 15.0 12.6
0.5 0.3 — —
— 2.6 0.7 —
1.6 7.1 11.8 —
8.9 3.3 1.7 7.5
3.4 13.2 18.8 1.9
18.0 1.5 0.2 6.1
1.1 1.0 — 1.6
3.1 1.8 — 5.5
— — — 1.2
0.9 0.5 — —
— — — —
— 3.8 5.6 —
3.1 4.3 3.1 15.1
1.6 5.0 4.9 0.8
5.1 3.8 4.4 9.1
2.4 3.0 2.3 2.5
4.7 4.5 4.8 4.2
1.1 2.5 1.3 1.1
3.1 3.8 2.0 2.9
1.3 1.5 1.3 0.8
1.1 0.4 — 0.6
— 5.0 2.7 —
3.8 2.8 0.9 2.4
1.3 1.8 0.5 0.7
4.9 4.3 2.5 4.6
2.7 3.0 0.6 2.2
2.5 2.5 0.6 4.0
1.3 1.8 0.4 2.9s 1/
I3 7
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pionyl cation 5, is formed through path b. Evidence for
Structure 5 follows from the CAD spectrum (Table 1)
that displays peaks due to losses of H2, 2H2, CH4 (CH3D
Scheme 3
Figure 2. Neutralization (CH3SSCH3, 70% t
spectra of (a) 1 prepared by protonation with
CH3CN-CI, (c) 1
/3 prepared by protonation w
with CD CN-CI.3from 4-OD), water, CO, CH2O, methanol, and a major
peak of CH3OCH2
 due to loss of ketene.
Dissociations of Radicals 1, 1/3, and 1a/3a
The NR spectrum of 1 (Figure 2a) shows a well
defined survivor ion at m/z 87 and fragments at m/z 86
(loss of H), 58 (loss of H and CO), 57, 55, 44, 43, 42, and
the dominant group of C2Hx (x 	 1–4) and CHxO (x 	
0–3) at m/z 26–31. Some of these fragments can be
explained by post-reionization dissociations of the sur-
vivor ion. However, the major ion fragment in the CAD
spectrum of 1 (m/z 69) and its corresponding neutral
counterpart (H2O at mass 18) are not abundant in the
NR spectrum of 1. This indicates that most of the
NR fragments arise by dissociations originating from
1. Loss of the hydroxyl hydrogen forms oxolan-3-one
(2), which is identified by its survivor ion at m/z 86 and
the m/z 58, 57, 56, 44, 42, 29, and 28 fragments in its
NR spectrum that resembles the EI mass spectrum
(the reference NR spectrum of 2 is not shown here).
In addition to these, the NR spectrum of 1 contains
fragments at m/z 44 (loss of 43 u) and 43 (loss of 44 u)
that are complementary by mass, arise neither by CAD
ittance)-reionization (O2, 70% transmittance)
ne-CI, (b) 1/3 prepared by protonation with
H4-CI, (d) 1a
/3a prepared by deuteronationransm
aceto
ith C
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dissociations of radical 1.
The NR spectra of ions prepared by exothermic
protonation of 2 with CH3CN-CI and CH4-CI (Figure 2b
and c) show new dissociation products that were absent
in the spectrum of 1. The new fragments appear at m/z
70 (loss of OH), 69, 68, 60 (loss of C2H3), and 59 (loss of
C2H4/CO). The relative abundance of the m/z 68-70
peaks increases with the exothermicity of gas-phase
protonation from CH3CN-CI to CH4-CI.
NR mass
spectra of ions prepared by gas-phase deuteronation
with CD3CN-CI (Figure 2d) and CD4-CI (1a
/3a) show
no mass shifts of the m/z 68–70 peaks, which indicates
that the D atom is lost cleanly within the OD group. In
contrast, the m/z 59 and 60 peaks show retention of
deuterium as evidenced by the corresponding mass
shifts to m/z 60 and 61, respectively. Noteworthy is the
substantial decrease in intensity of the m/z 87 and 86
peaks due to loss of H and D, respectively. This
indicates that (1) the hydroxyl hydrogen is lost prefer-
entially, and (2) when replaced by D, its loss is affected
by substantial isotope effects in 1a/3a. These NR
mass spectrometric data can be interpreted by co-
formation together with 1 of the isomeric 3-oxo-(1H)-
oxolanium cation (3) upon exothermic protonation of
2. The 3-oxo-(1H)-oxolanium radical 3 formed by neu-
tralization of 3 is a hypervalent species whose unimo-
lecular dissociations can be expected [48–53] to differ
from those of 1, as indeed observed.
Variable-Time NR Mass Spectra of 1/3
Further information about unimolecular dissociations
of 1/3 was sought from the dissociation kinetics of
neutral intermediates, as probed by variable-time
NR mass spectra. In these measurements, the times
for dissociations of radicals (t1) and their reionized
counterparts (t2) are varied simultaneously but in an
opposite manner, such that the total time t 	 t1  t2
remains constant. The variable-time NR mass spectra
(Figure 3) showed only minor changes when the disso-
ciation times for neutrals were varied from 0.6 s (top
spectrum) to 2.1 s (bottom spectrum). Changes are
observed in the intensity ratios [1  H]/[1], and [m/z
31]/[m/z 30] that both increase at longer dissociation
times for neutrals. These indicate that there is a fraction
of metastable radicals 1 that dissociate by loss of H on
the microsecond time scale. The increased formation of
CH2OH is less straightforward to interpret because the
fragment may be formed by consecutive dissociations
of neutral intermediates or after reionization. The dis-
sociation mechanisms for 1 and 3 were further investi-
gated by ab initio-RRKM calculations, as discussed next.
Dissociation Energies and Mechanisms for Radicals
1 and 3
To interpret the dissociations observed in the NR
spectra we investigated computationally the relevantparts of the potential energy surfaces (PES, Figure 4) to
obtain transition state and dissociation energies. Verti-
cal neutralization of 1 is accompanied by only moder-
ate Franck-Condon effects, as judged from the calcu-
lated adiabatic and vertical ionization energies of 1, IEa
	 6.43 and IEv 	 7.32 eV, respectively, and the vertical
recombination energy of 1, REv 	 6.01 eV. The vibra-
tional excitation in 1 due to Franck-Condon effects is
estimated at 37 kJ mol1.
Intuitively, one can expect the radical center at C-3 to
destabilize the bonds originating at the adjacent atoms,
e.g., the O™H, O-1™C-2, and C-4™C-5 bonds in 1. The
PES for dissociations of 1 (Figure 4) shows the lowest
energy in TS1 for cleavage of the O-1™C-2 bond at ETS1
	 118 kJ mol1 for the G2(MP2) value. This bond
dissociation forms an open-ring-intermediate (5) which
is 59 kJ mol1 less stable than 1. Radical 5 can undergo
direct cleavage of the C-4™C-5 bond through TS2 form-
ing formaldehyde and 2-hydroxyallyl radical. Note that
the overall dissociation energy for this pathway is only
41 kJ mol1 relative to 1. An energetically still more
favorable pathway is via internal rotation in 5 (TS3) to
form the hydrogen-bonded conformer 6, which can disso-
ciate to formaldehyde and 2-hydroxyallyl radical through
TS4 at ETS4 	 80 kJ mol
1 (Figure 4). Note that the
TS2–TS4 energies are below that for TS1, indicating that
the latter defines the rate-determining step in this dissoci-
Figure 3. Variable-time NR mass spectra (CH3SSCH3, 70% trans-
mittance/O2, 70% transmittance) of 1
/3. The neutral lifetimes
were (a) 0.6 s, (b) 1.4 s, and (c) 2.1 s.
old i
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1 is by cleavage of the O™H bond to form 2, which requires
a slightly higher energy in TS5 (ETS5 	 129 kJ mol
1) than
does TS1. The 0 K thermochemical threshold for this loss
of H is at 82 kJ mol1. A third pathway commences by
cleavage of the C-4™C-5 bond in 1 to form another open-
ring intermediate (7). The energy barrier for this bond
cleavage is ETS6 	 135 kJ mol
1 in TS6. Radical 7 can
dissociate by cleavage of the C-2™O-1 bond through TS7 at
ETS7 	 138 kJ mol
1, forming the 2-hydroxyallyl radical
and formaldehyde. It is noteworthy that although the
products of this dissociation pathway through TS63 TS7
and those through TS1 3 TS2 (or TS3 and TS4) are
identical, the order of consecutive bond dissociations is
energetically more favorable in the latter path, which
should be also kinetically preferred.
The PES in Figure 4 also provides an unequivocal
answer to the question of OH loss from 1. Direct cleavage
of the C-3™OH bond in 1 would result in the formation of
a high energy singlet oxolane-3-carbene which is 395 kJ
mol1 endothermic (the triplet carbene is still 57 kJ mol1
higher in energy) and cannot compete with the other
dissociations of 1. Hence, the direct path for OH loss
from 1 is improbable on energy grounds. An activation
of the C-3™O bond can occur in isomeric radicals 8 and
9 which are, respectively, 15 kJ mol1 less stable and 16
kJ mol1 more stable than 1. Loss of OH from 8 and 9
would form, respectively, 3-oxolene with 
Hrxn,0 	 136 kJ
mol1 and 2-oxolene with 
Hrxn,0 	 123 kJ mol
1. How-
ever, the 1,2-hydrogen migrations in 1 forming 8 and 9
have prohibitively high transition state energies (TS8 and
TS9) that were calculated as ETS8 	 195 kJ mol
1 and
E 	 186 kJ mol1. Hence, these rearrangements are
Figure 4. Schematic potential energy surface fo
in kJ mol1 were corrected for zero-point c
B3-PMP2/6-311  G(3df,2p) relative energies. BTS9not expected to be kinetically competitive with the
simple bond dissociations through TS1, TS5, and TS6.
The loss of OH can be best explained by occurring in
a transient hypervalent oxonium radical (3) produced
by vertical neutralization of 3. Calculations show that
vertically formed 3 is a high-energy species that spon-
taneously dissociates by O™C-2 bond cleavage forming
4-hydroxy-2-oxyallyl radical (10, Figure 5). It may be
noted that analogous C™O bond dissociations have been
reported for hypervalent oxonium radicals derived
from aliphatic ethers [50–52]. Radical 10 is produced
with 283 kJ mol1 internal energy and is presumed to
dissociate rapidly by OH loss forming cyclobutanone or
2-methyleneoxetane (12) as stable products. The ther-
mochemical threshold for the formation of 12 was
calculated at 182 kJ mol1 and is thus energetically
accessible from 3. Another energetically feasible path-
way is by internal rotation in 10 to form the more stable
conformer 11, which can dissociate through TS10 (ETS10
	 91 kJ mol1) to form ketene and 2-hydroxyethyl
radical at a 82 kJ mol1 threshold energy. Interestingly,
the potential energy surfaces for dissociations of 1 and
3 can be interconnected via TS11 for hydrogen migra-
tion between O-1 and O-2 that interconverts radicals 6
and 11 (Figure 5). Noteworthy is the substantially
greater stability (by 97 kJ mol1 at 0 K) of the enoloxy
radical 11 compared to the alkoxy radical 6 that can be
attributed to -conjugative stabilization in 11.
Excited States of 1
An intriguing feature of the NR spectrum of 1 is that
the survivor ion represents only a small fraction (1.5%)
sociations and isomerizations of 1. The energies
butions and refer to 0 K. Roman numerals:
talics: G2(MP2) relative energies.r dis
ontri
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the NR spectrum does not show products of the lowest-
energy ion dissociation by water elimination, indicates
extensive dissociations of radicals 1 formed by vertical
electron transfer. The variable-time spectra show that the
dissociations of the neutral intermediates mostly occur on
the time scale shorter than 0.6 s, which is consistent with
the steep rise with internal energy of the log k curves for
the competing reactions (vide infra). However, radical 1 is
calculated to be a bound species, and the vibrational
excitation it receives through Franck-Condon effects (37 kJ
mol1), even when combined with the precursor ion
internal energy (36 kJ mol1 at 523 K), should be insuffi-
cient to drive dissociations that require substantially
higher energies even in the lowest transition states (Figure
4). Moreover, the formation of C2H3O and C2H4O frag-
ments on NR is incompatible with the potential energy
surface in Figure 4, which places the threshold energy for
this dissociation at 222 kJ mol1, way above the other
relevant and experimentally observed dissociations. Hence,
the PES in Figure 4 does not explain the formation of the
C2H3O and C2H4O fragments in the
NR spectrum.
In collisions occurring on the femtosecond time
scale, electron transfer can occur between the donor’s
highest occupied molecular orbital (HOMO) and any of
the unoccupied molecular orbitals of the electron accep-
tor [16a, 54]. Thus, electron transfer can result in radical
1 being formed in the ground doublet electronic state
(X) (Figure 4), or in an excited doublet state. We examined
by TD-B3LYP calculations the excited states in 1 formed
Figure 5. Schematic potential energy surface (in
formed 3 which is not an energy minimum, the
and refer to 0 K. Roman numerals: B3-PMP2/6-31
relative energies.by vertical electron transfer to 1 as shown in Figure 6
for the lowest three excited states. These states all arise
by excitation of an electron from the 24 singly-occu-
pied molecular orbital (SOMO), which is a -orbital that
is delocalized in an anti-bonding fashion over C-3, OH,
and the C-2 and C-4 methylene groups in 1 (Figure 7).
These outer excited states are long lived, as their
radiative lifetimes are calculated as 3.5, 0.6, and 2.3 s,
for transitions to the X state from the A, B, and C states,
respectively. Interestingly, radical 1 is expected to weakly
absorb light in the visible region to produce the A and B
states at  	 592 and 403 nm, respectively. The excitation
energies indicate that, starting with the A state, vertically
formed 1 would have a sufficient internal energy to
dissociate to C2H3O and C2H4O. The formation of these
products thus can be attributed to the formation of
excited electronic states upon vertical electron transfer.
Figure 6 shows the excited state energies along the
reaction coordinates corresponding to 1,2-H atom mi-
grations through TS8 and TS9, which are relevant to
the formation of isomeric radicals 8 and 9 as potential
intermediates for loss of OH from 1. However, the
excited state energies increase sharply for vertical exci-
tations in TS8 and TS9, such that the energy gaps for X
3 A, B, C are greater in TS8 and TS9 than they are in
1. This means that 1,2-H atom migrations in 1 are made
even less facile in excited electronic states, and the loss
of OH must be attributed to a dissociation of an
isomeric species, such as 3, as discussed above.
ol1) for dissociations of 3. Except for vertically
ies were corrected for zero-point contributions
(3df,2p) relative energies. Bold italics: G2(MP2)kJ m
energ
1G
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The TS energies for the ground electronic state of 1 were
further used for RRKM calculations of unimolecular
rate constants for competitive dissociations. The disso-
ciations involving ring cleavages in 1 are two-step or
multiple-step reactions so that the overall kinetics
should also include the rate constants for the reverse
ring closures, e.g., 5 3 1 and 7 3 1 (Scheme 4). In the
first approximation, we neglect the fast isomerization of
intermediates 5 7 6 that according to Figure 4
proceeds through TS3 with negligible energy barrier
(8 kJ mol1), and we treat the kinetics according to
Scheme 4. RRKM rate constants were calculated for
Figure 6. Energy diagram for vertical electron excitations in 1,
TS8, and TS9. Energies in kJ mol1 from TD-B3LYP/6-311 
G(2df,p) calculations.
Scall steps in Scheme 4 using the G2(MP2) and B3-PMP2
PES; the rate constants for the O™H, O™C-2 and
C-4™C-5 bond dissociations in 1 are shown as log k in
Figure 8. The dissociation of the O™C-2 bond has the
lowest TS energy and dominates at low excitations of
1. However, the log k curves for kO™H and kO™C-2 cross
at 190 kJ mol1 (152 kJ mol1 by B3-PMP2), above
which energy the loss of H is faster. The dissociation
of the C-4™C-5 bond has the lowest rate constant up to
very high excitations (450 kJ mol1) where the log
kO™C-2 and log kC-4™C-5 curves converge.
Solving the system of differential kinetic equations
[55] pertinent to Scheme 4 yielded the molar fractions of
1, 5, 7, and the products, as depicted in Figure 9. The
molar fractions are plotted versus internal energy in 1
which was the starting reactant that had x(1) 	 1 at
internal energies below the lowest TS, E  119 kJ mol1,
Figure 7. Molecular orbitals in the X, A, B, and C states of 1. The
corresponding CI coefficients for the excitations as calculated by
TD-B3LYP/6-311  G(2df,p) were as follows: 1.000 (24 3 25)
for the A state, 0.979 (243 26)  0.107 (243 30)  0.123 (24
3 31) for the B state, and 0.988 (24 3 27) for the C state.
4heme
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equal to the flight time of the neutral intermediates, t 	
4.4 s. The branching ratios show that the reactant 1
rapidly disappears in the energy interval of 130–150 kJ
mol1, while the molar fractions of intermediates 5 and
7 remain very low (3%) throughout the entire energy
range. The molar fractions of the [2-hydroxyallyl radical
 CH2¢O] products show a maximum at 155 kJ mol
1,
and then decrease at higher energies. The crossing point
with the formation of [2  H] in Figure 9 coincides with
the crossing point of the RRKM rate constants in Figure
8 (190 kJ mol1).
An estimate of the competitive formations of [2  H]
Figure 8. RRKM rate constants (log k, s1) for dissociations of 1
from (top) G2(MP2) and (bottom) B3-PMP2/6-311  G(3df,2p) TS
energy calculations. Filled circles: O-1™H bond dissociation; open
circles: O-1™C-2 bond dissociation; filled triangles: C-4™C-5 bond
dissociation.and [2-hydroxyallyl  CH2O] products can be ob-
tained by convoluting the x(E) values with an energy
distribution function (eq. 1) [56]. The onset (E0) and
width (W) parameters were chosen as E0 	 125 and W
	 155 kJ mol1, which give the most probable inter-
nal energy in 1 as 203 kJ mol1, consistent with
excitation by vibronic conversion from the first ex-
cited state. Although this may appear as an ad hoc
assumption, the dissociation kinetics based on these
parameters also reproduced the 1.5% fraction of
survivor 1 observed experimentally.
PE 	
4E  E0
W2
e
2EE0
W E  E0 PE 	 0
E  E0 (1)
The energy-averaged molar fractions for the prod-
ucts x, calculated by convoluting the x(E) and P(E)
functions over the 125–420 kJ mol1 energy interval,
allowed us to assess the yields of the most important
species at t 	 4.4 s. These were obtained as x(1):x(2
 H):x(2-hydroxyallyl  CH2¢O) 	 1.5:56:42 for the
rate constants that were based on the G2(MP2) transi-
tion state energies. Thus, according to the RRKM anal-
ysis, the loss of H from the hydroxyl group is predicted
to be the most efficient dissociation of 1 following
vertical electron transfer.
Conclusions
The 3-hydroxyoxolan-3-yl radical 1 is a stable species
when formed by collisional electron transfer in the gas
phase. Vibrationally excited 1 undergoes competitive dis-
Figure 9. Molar fractions at t 	 4.4 s of 1, 5, 7, [2  H], and
[hydroxyallyl  CH2¢O] calculated according to Scheme 4 using
RRKM rate constants that were based on G2(MP2) transition state
energies.
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droxyallyl radical and formaldehyde and by loss of the
hydroxyl hydrogen atom forming oxolan-3-one. The ring-
cleavage dissociations are predicted by ab initio/RRKM
calculations to predominate at excitations 190 kJ mol1.
In addition, excited electronic states of 1 undergo ring
cleavage dissociations forming C2H3O and C2H4O neutral
species. The isomeric 3-oxo-(1H)-oxolanium radical is un-
stable and undergoes exothermic ring opening that results
in elimination of OH radical. Our experimental and com-
putational results show that ring cleavages are the domi-
nant dissociations of 3-hydroxyoxolan-3-yl radical at low
vibrational excitations or from excited electronic states.
This suggests that similar ring-cleavage dissociations lead-
ing to strand breaks can be operative in DNA degradation
caused by reactive radicals or UV light.
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